lines transfected with a control plasmid. The ability of and lipid-soluble vitamins and hormones. Both saturated and nonsaturated fatty acids containing 10-26 C the different cell lines to take up FA, as assessed by uptake assays using the fluorescently labeled Bodipyatoms strongly competed for uptake of Bodipy-palmitate ( Figure 1B and Table 2 ) and thus are presumed to palmitate, correlated well with their FATP4 expression levels determined by Western blotting ( Figure 1A ). All be substrates of FATP4. In contrast, fatty acids with eight or fewer C atoms did not compete and thus are 20 vector control clones showed amounts of Bodipy-FA uptake similar to each other and to untransfected presumed not to be FATP4 substrates. Similarly, esters of long chain FAs and other hydrophobic molecules 293 cells. In contrast, among the 40 FATP4-transfected clones, a large number ‫)02ف(‬ showed an approximately tested had no effect on uptake of Bodipy-palmitate. 2-fold increase in Bodipy-FA uptake compared to any of the vector controls, and three had a 5-to 10-fold increase in Bodipy-FA uptake.
FATP4 Is Strongly Expressed by the Enterocytes of the Small Intestine Several of the cell lines with the highest amount of Bodipy-FA uptake as well as isolated primary entero-
To determine the cellular distribution of FATP4 in E18.5 C57/B16 embryos, in situ hybridization with a noncytes were used to measure the uptake of radiolabeled FAs. Short-term uptake by 293 cells and enterocytes of cross-reacting probe was used. On embryo whole mounts, strong mmFATP4 expression could be seen in all FAs tested was linear ( Figure 1C ). hsFATP4 expression enhanced the rate of palmitate uptake approxithe small intestine ( Figure 2A , left panel). Microscopy of counterstained sections showed that FATP4 mRNA was mately 3-fold over 293 cells transfected with vector alone ( Figure 1C ) and also accelerated the uptake of present at high levels in the enterocytes of the intestinal villi ( Figure 2A , right panels). In situ hybridization of cross oleate but not of linolate, arachidonate, octanoate, butyrate, or cholesterol (Table 1) . Isolated primary enterosections of the ileum and duodenum from 8-week-old adult mice also demonstrated a strong expression of cytes showed a similar preference for palmitate and oleate and absence of transport of arachidonate, octa-FATP4 in enterocytes ( Figure 2B ). The highest expression levels of FATP4 were seen in the enterocytes of the noate, and butyrate, but displayed a more robust transport of linolate and cholesterol than the transfected 293 jejunum and ileum, and lower, but significant, amounts were detected in the epithelial cells of the duodenum. cells.
To further characterize the substrate specificity of However, FATP4 mRNA was undetectable in any other cell type of the small intestine such as mesenchymal, FATP4, we measured the uptake by stably transfected 293 cells of 5 M Bodipy-FA in the presence of a 20-endothelial, and smooth muscle cells and was completely absent from the colon ( Figure 2B , left six panels). fold molar excess (i.e., 100 M) of FAs, FA derivatives, Interestingly, while the expression of FATP4 in the matissues ( Figure 2B , right six panels). mmFATP2 was detected by in situ hybridization at low levels in the epitheture enterocytes of the villi was exceptionally high, it was low or undetectable in the undifferentiated precurlial cells of the ileum, jejunum, and duodenum. Northern blot analysis of hsFATP1 through hsFATP6 in human sor cells in the crypts between the villi (Figures 2A, right panel, and 2B, upper left four panels). No signals above ileum and jejunum confirmed the notion from the murine data that only FATP4 is expressed at appreciable levels background were detected for mmFATP1, mmFATP3 (data not shown), and mmFATP5 in any of the intestinal in the small intestine ( Figure 3 ). 
The FATP4 Protein Is Localized to the Apical Side of Enterocytes

Discussion
While intestinal transport systems for metabolites such as carbohydrates have been well characterized, the molecular mechanisms of fatty acid transport across the apical plasmalemma of enterocytes have remained largely unclear. Here, we identify FATP4 as the principal fatty acid transporter in the small intestine that mediates the efficient uptake of dietary fatty acids.
FATP4 is expressed at high levels on the apical side of mature enterocytes in the small intestine. Stable overexpression of FATP4 in 293 cells significantly enhances the uptake of long chain fatty acids with the same specificity as enterocytes. FATP4 expression enhanced up- 
terocytes (Rodriguez-Boulan and Nelson, 1989; Stelarger particles such as chylomicrons to leave the enterocyte and enter the lymphatics. We demonstrate here vens, 1992). Apical transporters are involved in the uptake of nutrients from the lumen of the intestine and are
that FATP4 in enterocytes is found predominantly in the apical compartment, including the microvilli of the brush often energy coupled. In contrast, basolateral transporters allow the absorbed molecules to leave the enteroborder membrane, suggesting that FATP4 is involved in the uptake of dietary fatty acids from the intestinal lumen cytes and enter the blood stream, as is the case for sugars, while exocytosis at the basolateral face allows into the enterocyte. eral tissues including heart, liver, and small intestine In Situ Hybridization LCFA Uptake Assays Bodipy-FA uptake assays using FACS were performed as described Tissues were collected from 8-week-old C57/Bl6 mice. Tissues were fresh frozen, cut on a cryostat at 10 m thickness, and mounted on previously ( and 10 M for substrate specificity assays. Final taurocholate concentration was 5 mM. Cells were incubated for the indicated amount Sections were incubated with chloroform for 5 min. Hybridizations were performed with 35 S-radiolabeled (5 ϫ 10 7 cpm/ml) cRNA probes of time at 37ЊC. The assay was stopped by transferring the cells onto filter paper followed by extensive washes with ice-cold HBS generated from the 3Ј untranslated regions of mouse FATPs by PCR followed by in vitro transcription in the presence of 50% formamide, containing 0.1% BSA using a cell harvester (Brandell). Incorporated oleate was then determined by ␤-scintillation counting (Beckman). 10% dextran sulfate, 1ϫ Denhardt's solution, 600 mM NaCl, 10 mM DTT, 0.25% SDS, and 100 g/ml tRNA for 18 hr at 55ЊC. After hybridization, slides were washed with 10 mM Tris-HCl (pH 7.6), 500 Acknowledgments mM NaCl, 1 mM EDTA (TNE) for 10 min, incubated in 40 g/ml 
